Introduction {#S1}
============

Angiogenesis is a complex process of new blood vessel formation from pre-existing vascular networks by capillary sprouting. Full execution of angiogenesis requires complex signaling via vascular endothelial growth factor (VEGF) and its receptors.^[@R1]^ VEGF-A is one of the major stimulators of angiogenesis induced by hypoxia during oncogenic process. Within the VEGF-A family of growth factors, VEGF~165~ is well characterized and mediates angiogenic sprouting and endothelial cell organization *in vitro* and *in vivo*.^[@R2],\ [@R3]^

Three structurally homologous tyrosine kinase VEGF receptors are VEGFR1 (Flt-1), VEGFR2 (KDR/Flk-1), and VEGFR3 (Flt-4). The majority of the endothelial cell responses to VEGF including differentiation, proliferation, migration, and formation of the vascular tubes are mediated through VEGFR2.^[@R4]--[@R7]^ VEGFR1 is speculated as a decoy receptor, sequestering VEGF signaling through VEGFR2.^[@R4],\ [@R5]^ VEGFR3 expression is restricted mainly to the lymphatic endothelium of adult tissues. It binds VEGF-C and VEGF-D, but not VEGF-A, and is thought to control lymphangiogenesis.^[@R8],\ [@R9]^

Neuropilins (NRPs) are transmembrane receptors without a tyrosine kinase domain and can act as co-receptors for VEGF family of pro-angiogenic cytokines^[@R10]^ and the class 3 semaphorin (Sema3) family of axon guidance molecules.^[@R11]^ NRPs are gaining much attention as multifunctional proteins involved in normal development, immunity, and tumor progression as reviewed by Prud\'homme et al.^[@R12]^ NRP1 is expressed by endothelial cells, dendritic cells, regulatory T cells, several other normal cell types, as well as tumor cells.^[@R13]--[@R15]^ It is a co-receptor for VEGFR2, with VEGF~165~ binding to both NPR1 and VEGFR2 simultaneously.^[@R10]^ It has been proposed that NRP1 may enhance VEGF~165~ binding and bioactivity by forming a bridge between NRP1 and VEGFR2, bringing these receptors into close proximity, and promoting angiogenesis.^[@R16]^ Neutralizing NRP1 is additive to VEGF neutralization in suppressing vascular remodeling and tumor growth.^[@R17]^ Importantly, NRP1 is predominantly expressed in carcinomas (particularly those of epithelial cell origin), including carcinomas of lung, breast, prostate, pancreas, and colon.^[@R18],\ [@R19]^ Over-expression of NRPs correlates with disease progression, metastatic potential and poor prognosis.^[@R10],\ [@R19],\ [@R20]^

Therefore, NRP1 is an attractive therapeutic target. A number of strategies have been evaluated by using NRP1 ectodomains or soluble NRP1 as VEGF Trap, anti-NRP1 antibodies, knockdown by siRNA, or by using a small peptide-mimetic of VEGF to selectively block VEGF binding to NRP1.^[@R15]^ A heptapeptide ATWLPPR (A7R) is identified by screening a phage-displayed peptide library against an anti-VEGF-antibody that blocks VEGF~165~-dependent endothelial cell proliferation.^[@R21]^ A7R inhibits VEGF~165~ binding to NRP1 but not to VEGFR1, VEGFR2, or heparin. *In vivo* treatment with A7R reduces blood vessel density and endothelial cell area, and suppresses the growth of MDA-MB-231 xenografts in nude mice.^[@R22]^

Pancreatic ductal adenocarcinoma (PDA) is the fourth leading cause of cancer-related death in the United States.^[@R23]^ The transmembrane glycoprotein Mucin1 (MUC1) is overexpressed and aberrantly glycosylated in more than 80% of metastatic PDA and is associated with poor prognosis.^[@R24]^ We and others have shown that this tumor-associated form of MUC1 (tMUC1) enhances invasiveness of pancreatic cancer cells by inducing epithelial to mesenchymal transition (EMT) and that these tumors express high levels of VEGF, cyclooxygenase-2, prostaglandin E2, and platelet-derived growth factor (PDGF).^[@R25],\ [@R26]^ Lack of tMUC1 in PDA mice prevents tumor progression and metastasis and has lower levels of VEGF.^[@R25],\ [@R27]^ In addition, MUC1 overexpression has been demonstrated to promote VEGF production through insulin-like growth factor-1 (IGF-1) receptor/Akt cascades, leading to the enhanced tumor growth and angiogenesis in human breast carcinoma.^[@R28]^ Thus, in this study we assess if tMUC1 induces a pro-angiogenic microenvironment in PDA and begin to elucidate the mechanism. We show for the first time that PDA cells and tumors that express high levels of tMUC1 have increased levels of NRP1 as compared to PDA with no or low levels of tMUC1. NRP1 potentiates VEGF receptor signaling and pro-angiogenic activities, thus indicative of enhanced intra-tumoral angiogenesis and disease progression. Finally, we show that blocking the interaction between VEGF~165~ and NRP1 within the tumor microenvironment leads to disruption of VEGF signaling and therapeutic benefit in mouse models.

Results {#S2}
=======

Level of NRP1 expression correlates with expression of tMUC1 in human PDA {#S3}
-------------------------------------------------------------------------

We and others have shown that tMUC1 is overexpressed in PDA and is associated with enhanced metastasis and poor diagnosis.^[@R24],\ [@R25],\ [@R27],\ [@R29]^ Parikh et al first reported NRP1 expression in the PDA.^[@R30]^ Here we first showed that tMUC1 and NRP1 were expressed in primary human PDA, but minimally in the normal pancreas ([Figure 1A](#F1){ref-type="fig"}). The staining in the tumor was mainly restricted to the ductal epithelia. To determine if a correlation existed between tMUC1 and NRP1, we examined a panel of human PDA cell lines that endogenously express high, medium, or low tMUC1 by Western blot using an antibody against the extracellular tandem repeat of MUC1 (MUC1 TR, TAB 004). Cells expressing high endogenous tMUC1 such as CFPAC, HPAFII, and HPAC also displayed high NRP1, while cells with low endogenous tMUC1 displayed low NRP1 with the exception of Panc1 cells ([Figure 1B](#F1){ref-type="fig"}; quantitation data shown as [Supplementary Figure 1A](#SD1){ref-type="supplementary-material"}). Since NRP1 is a co-receptor of VEGF and signaling through VEGFR2 is critical for the angiogenic signaling to occur,^[@R10]^ we examined the levels of VEGFR2 in the same cell lines. However, the correlation between tMUC1 and VEGFR2 levels were not consistent among the cell lines ([Figure 1B](#F1){ref-type="fig"}).

Thus, we determined if MUC1 regulated the expression of NRP1 by conducting gain and loss of function studies. The full-length human MUC1 was stably transfected into two tMUC1^low^ cells, a human pancreatic cell line BxPC3 and a mouse pancreatic cell line Panc02. The overexpression of tMUC1 was confirmed by flow cytometry ([Figure 1C](#F1){ref-type="fig"}, left panel) and by Western blotting ([Figure 1C](#F1){ref-type="fig"}, right panels). In BxPC3.MUC1 and Panc02.MUC1 cells, tMUC1 overexpression induced significantly higher expression of NRP1 than their control counterparts carrying the empty vector (BxPC3.Neo and Panc02 Neo) ([Figure 1C](#F1){ref-type="fig"}, right panels; [Supplementary Figure 1B](#SD1){ref-type="supplementary-material"}). On the other hand, three tMUC1^hi^ cell lines (HPAC, CFPAC and HPAFII) treated with MUC1-specific siRNA showed dramatically reduced MUC1, and moderately decreased NRP1 expression although not statistically significant ([Figure 1D and 1E](#F1){ref-type="fig"}). Protein expression of NRP1 and tMUC1 relative to β-actin was shown in [Figure 1E](#F1){ref-type="fig"}. Whether this regulation was direct or indirect was yet to be delineated.

Increased expression of NPR1, VEGFR, and VEGF in tumor cells derived from spontaneous Muc1^+^ PDA mouse {#S4}
-------------------------------------------------------------------------------------------------------

We have established two mouse PDA cell lines, KC and KCKO, from spontaneously arising PDA tumors in WT (Muc1 intact) and in Muc1 null mice respectively.^[@R27]^ A gene microarray was conducted in these two cells as well as in BxPC3.MUC1 and BxPC3.Neo cells. Among those altered genes, KC and BxPC3.MUC1 cells showed higher NRP1 levels than those in KCKO and BxPC3.Neo cells (data not shown). Thus, we confirmed expression of Muc1 and NRP1 in KC cells by flow cytometry ([Figure 2A](#F2){ref-type="fig"}) and Western blot ([Figure 2B](#F2){ref-type="fig"}; [Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). Compared to KCKO, KC cells displayed higher levels of Muc1 ([Figure 2A](#F2){ref-type="fig"}, left panel, and 2B) and moderately higher level of NRP1 ([Figure 2A](#F2){ref-type="fig"}, right panel, and 2B). In addition, Muc1^hi^ KC cells expressed higher levels of VEGFR2 than the Muc1-null KCKO cells ([Figure 2B](#F2){ref-type="fig"}).

Further, KC cells secreted significantly higher levels of VEGF than KCKO cells ([Figure 2C](#F2){ref-type="fig"}), which could be partially inhibited by NRP1 antagonist A7R ([Figure 2D](#F2){ref-type="fig"}) without affecting cell numbers ([Figure 2E](#F2){ref-type="fig"}). These data may suggest that the NRP1-VEGFR2 signaling may positively regulate VEGF secretion and this may be partially dependent on Muc1 expression in PDA cells.

Muc1-expressing PDA cells promote endothelial cell tube formation through VEGF signaling {#S5}
----------------------------------------------------------------------------------------

Since endothelial tube formation assay is used as a surrogate for angiogenesis, we studied the influence of conditioned medium from tumor cells on endothelial cell tube formation and whether signaling via NRP1 was required. As shown in [Figure 3A](#F3){ref-type="fig"}, murine endothelial 2H11 cells endogenously expressed high levels of NPR1 and VEGFR2. Functionally, capillary-like structure formation is one of the most important morphological changes during angiogenesis, and can be quantitated by counting the sprouting and branching of endothelial cells.^[@R31]^ As compared to conditioned media from KCKO cells, the media from KC cells induced enhanced tube formation in 2H11 cells (5hr post incubation) ([Figure 3B](#F3){ref-type="fig"}). Tube formation was partially suppressed by blocking NRP1 activity with A7R or by neutralizing VEGF ([Figure 3D](#F3){ref-type="fig"}). Combination of A7R with anti-VEGF antibody had additive effect in significantly inhibiting the tubular structure formation on the matrigel basement ([Figure 3D](#F3){ref-type="fig"}). The quantitative results were shown in [Figure 3C](#F3){ref-type="fig"} and [Figure 3E](#F3){ref-type="fig"}. In addition, direct pre-treatment of KC cells with A7R effectively decreased VEGF secretion in the supernatant ([Supplementary Figure 3A](#SD1){ref-type="supplementary-material"}). Further, the supernatant from A7R pretreated KC cells induced significantly less tube formation ([Supplementary Figure 3B and 3C](#SD1){ref-type="supplementary-material"}).

NRP1 plays a critical role in promoting ectopic blood vessel formation and enhancing metastatic spread in a zebrafish embryo xenograft model {#S6}
--------------------------------------------------------------------------------------------------------------------------------------------

Since MUC1/VEGF signaling increased the *in vitro* endothelial cell tube formation ([Figure 3](#F3){ref-type="fig"}), we evaluated the role *in vivo*. The zebrafish/tumor xenotransplantation has been characterized as a whole-animal model to study tumor angiogenesis *in vivo*.^[@R32]^ In this zebrafish model, we studied whether the xenograft of tMUC1^hi^/NRP1^hi^ cells affected formation of ectopic blood vessel (number and length) one day post tumor cell injection. We showed for the first time that human PDA cell line, BxPC3.MUC1 promoted a significant increase in the number and length of ectopic vessels than its BxPC3.Neo counterpart ([Figure 4A and 4B](#F4){ref-type="fig"}, see arrows). Furthermore, compared to BxPC3.Neo cells, BxPC3.MUC1 cells exhibited significantly more metastasis by showing their migration away from the site of injection ([Figure 4C and 4D](#F4){ref-type="fig"}). To elucidate the role of NRP1 in the tumor-induced angiogenesis and metastasis, BxPC3.MUC1 cells with or without A7R treatment were injected into the zebrafish embryo. A known angiogenesis inhibitor, PTK787 was used as a positive control which blocks all known VEGF receptor tyrosine kinases.^[@R33],\ [@R34]^ We observed moderately reduced growth of ectopic vessels and tumor cell metastasis in the embryos treated with PTK787. However, A7R treatment significantly blocked ectopic vessel formation and metastatic spread, implicating a critical involvement of NRP1 ([Figure 4E](#F4){ref-type="fig"}).

Muc1 up-regulates NRP1 and creates a pro-angiogenic niche *in vivo* {#S7}
-------------------------------------------------------------------

To further demonstrate that high expression of Muc1 may create a pro-angiogenic niche *in vivo*, spontaneously arising tumors from PDA mice were assessed for the expression of angiogenesis-related proteins by IHC. Expression of NRP1, VEGF, CD31, and PCNA was higher in the spontaneously arising KC than KCKO tumors ([Figure 5A](#F5){ref-type="fig"}). It was noted that the NRP1 and PCNA expressions were mainly localized to the epithelial layer of ductal region.

To understand the mechanism of NRP1-associated VEGF signaling, lysates from KC and KCKO tumors were analyzed for the VEGFR2 phosphorylation and proteins of other angiogenesis-related pathways. Western blot data were summarized in [Figure 5B](#F5){ref-type="fig"} and quantitated ([Supplementary Figure 4](#SD1){ref-type="supplementary-material"}). Interestingly, not only were the levels of NRP1 and VEGFR2 significantly lower in the KCKO tumors, the phosphorylation of VEGFR2 at tyrosine sites of 1175 and 996 were also lower ([Figure 5B](#F5){ref-type="fig"}) which was likely due to the lower level of receptor itself. Tyrosine1175 is essential for VEGF-induced kinase activation, including PLC-γ and MAPK, and for VEGF-induced proliferation of endothelial cells.^[@R35]^ Other sites of tyrosine autophosphorylation include Tyr996 along with Tyr996, 1054, and 1059 (ref^[@R36],\ [@R37]^). Moreover, levels of N-Cadherin and Vimentin were higher while E-Cadherin was lower in KC versus KCKO tumors ([Figure 5B](#F5){ref-type="fig"}), suggestive of EMT transition. Together, the data suggested that lack of Muc1 impaired the expression of NRP1 and VEGFR2, and thereby down-regulated the angiogenic and EMT signaling which are potential pre-requisites for metastasis.

Blockade of NRP1 signaling attenuates tMUC1^hi^ tumor growth *in vivo* {#S8}
----------------------------------------------------------------------

Based on the above findings, we lastly validated the activity of NRP1 antagonist A7R in tumor-bearing mice. In the immune-competent C57BL/6 mice, the growth of KC tumor was significantly reduced over time by subcutaneous injection of A7R ([Figure 6A](#F6){ref-type="fig"}). Nude mice bearing BxPC3.MUC1 tumors also responded to the mono-therapy with A7R, displaying significantly lower tumor burden and with 4 out of 7 mice showing a complete response ([Figure 6B](#F6){ref-type="fig"}). Western blot data from A7R-treated KC tumors further confirmed that the *in vivo* inhibition of NRP1 activity by A7R led to the reduction of VEGFR2 activation, as evidenced by decreased phosphorylation at Tyr1175 ([Figure 6C](#F6){ref-type="fig"}; [Supplementary Figure 5](#SD1){ref-type="supplementary-material"}). And interestingly, the protein level of NRP1 was clearly reduced by suppressing its own activity, suggesting a possible autocrine regulation of NRP1 expression via the VEGFR2 signaling.

Primary human PDA tumors express varying levels of NRP1 {#S9}
-------------------------------------------------------

The tumors from pancreatic cancer patients expressed tMUC1 and NPR1 as shown in [Figure 1A](#F1){ref-type="fig"}. In addition, the IHC staining verified the presence of pro-angiogenic factors including VEGF, CD31, and PCNA in the tumors ([Figure 7A](#F7){ref-type="fig"}). Using a pancreas cancer tissue array, tMUC1 expression was detected in all PDA tissues restricted to the ductal epithelia, but the intensity of expression varied ([Supplementary Figure 6A](#SD1){ref-type="supplementary-material"}). Normal adjacent pancreas tissue also showed MUC1 staining but was restricted to the acinar secretions and absent in the ductal epithelial cells (data not shown). Similarly, NRP1 was expressed at varying levels in the tumors from the same 40 PDA patients. Closely but not exactly, we found the higher the tMUC1 expression in PDA, the stronger the NRP1 expression ([Figure 7B and C](#F7){ref-type="fig"}; [Supplementary Figure 6](#SD1){ref-type="supplementary-material"}). A nonparametric Spearman correlation of 0.70 was achieved with n=65 tissue-cores which was highly significant (P \< 0.0001) and indicated a positive association between the MUC1 and NRP1 in human PDA.

Discussion {#S10}
==========

To the best of our knowledge, we are the first to demonstrate that tMUC1 in PDA may play a role in VEGF signaling through the up-regulation of VEGF co-receptor NRP1 ([Figure 1](#F1){ref-type="fig"} and 2), and that blocking the interaction between VEGF~165~ and NRP1 within the tumor microenvironment has therapeutic benefit *in vivo* ([Figure 6](#F6){ref-type="fig"}). Positive staining for NRP1 in n=41 patient PDA sections ([Figure 7](#F7){ref-type="fig"}) substantiates the clinical relevance of this protein as a potential therapeutic target.

Our previous study has shown that the spontaneously arising Muc1/MUC1-expressing PDA mice developed aggressive tumors and had poor survival than PDA mice null for Muc1/MUC1.^[@R27]^ tMUC1 enhances the molecular process of EMT, promotes the expression of pro-angiogenic and pro-metastatic proteins in PDA,^[@R25]^ and make tumors more drug resistant.^[@R26],\ [@R38]^ In this study, we found a positive correlation between tMUC1 expression and NRP1 level in PDA cell lines and tumors ([Figure 1](#F1){ref-type="fig"} and 2), which may suggest the contribution of NRP1 to the malignant progression of tMUC1^hi^ tumor.

It has been proposed that VEGF can signal through NRP1 in tumor and endothelial cells by 1) autocrine signaling in tumor cells to inhibit tumor cell apoptosis, 2) paracrine signaling from tumor cells to endothelial cells for angiogenesis induction, or 3) juxtacrine signaling in both cells in which VEGF may bind to NRP1 on tumor cells and bind to VEGFR2 on endothelial cells simultaneously for NRP1 induction of angiogenesis and tumor growth.^[@R16],\ [@R39]^ We found that although blockade of NRP1 activity inhibited VEGF-induced Erk and Akt activation in KC cells (data not shown), the cell proliferation and survival were not affected (data not shown) indicating that the NRP1-dependent Erk and Akt activation may play roles in other aspects of tumor growth. We further found that NRP1 was involved in VEGF production probably by VEGF self-regulation through VEGFR-NRP1 signaling. The partial reduction of VEGF by NRP1 antagonism in tMUC1^hi^ cells might emphasize its role as a co-receptor for VEGFR2, but also suggested the involvement of other signaling cascades. Woo et al has reported the MUC1 overexpression/IGF-1-IGF-1R/Akt/VEGF signaling in the human breast carcinoma models^[@R28]^, which could be one of the possibilities involved in our models. Although we did not prove the juxtacrine signaling between tumor cells and endothelial cells here, it was obvious from [Figure 3C](#F3){ref-type="fig"} that PDA cells could directly promote the formation of capillary structure in endothelial cells through soluble factors. VEGF was not the only soluble contributor for tube formation since neutralization of VEGF only partially suppressed the tube induction. However, combination of A7R treatment with VEGF neutralization displayed additive benefit in suppressing endothelial tube formation ([Figure 3E](#F3){ref-type="fig"}). Since blocking NRP1 on either tumor cell ([Supplementary Figure 3](#SD1){ref-type="supplementary-material"}) or endothelial cell ([Figure 3D and 3E](#F3){ref-type="fig"}) effectively decreased the tube formation, it shed light on the NRP1 as a promising target for tumor-associated angiogenesis.

Furthermore, BxPC3 cells with high tMUC1/NRP1 could enhance new vessel formation in the zebrafish embryo xenotransplantation model ([Figure 4A and B](#F4){ref-type="fig"}), and they were also highly migratory ([Figure 4C and D](#F4){ref-type="fig"}). These activities were largely dependent on NRP1 as demonstrated by its blockade ([Figure 4E](#F4){ref-type="fig"}). Together, our data strongly suggested that tMUC1 increased NRP1 level, which was essential for tumor-associated angiogenesis and metastasis. Despite the advantages and simplicity of the zebrafish model, the spontaneously arising PDA mouse model resembles more closely the human disease. We found minimal expression of pro-angiogenenic proteins (VEGF, NRP1, CD31, and PCNA) in tumors from Muc1^null^ KCKO mice when compared with tumors from Muc1^hi^ KC mice ([Figure 5A](#F5){ref-type="fig"}). In addition, the NRP1, VEGFR2 and its activation forms of Tyr1175 and Tyr996 were significantly higher in the KC versus KCKO tumors ([Figure 5B](#F5){ref-type="fig"}). These data strongly indicate that increased NRP1/VEGF signaling in tMUC1^hi^ tumors correlates with enhanced angiogenesis *in vivo*. However, since both tumor cells and endothelial cells express NRP1 and other VEGF signaling molecules ([Figure 2](#F2){ref-type="fig"} and 3), the contribution of intra-tumoral endothelial cells for their expression and activation could not be excluded. In addition, there was also biased expression of EMT markers in KC tumors versus KCKO tumors, which may favor the KC cell invasion and metastasis. In our early publication, we found that the CT of MUC1 translocates to the nucleus in association with β-catenin, represses E-Cadherin expression, and upregulates the level of the EMT inducers Snail, Slug, Vimentin, and Twist.^[@R25]^ VEGF and NRP1 have been found to directly promote EMT.^[@R40]^ Besides, it has been proposed that NRP1 enhances signaling in three major pathways that are linked to EMT, i.e., transforming growth factor β1 (TGFβ1), Hedgehog and hepatocyte growth factor (HGF) and its receptor (cMet).^[@R12]^ Together, we speculate that in the presence of high tMUC1, the increased NRP1 may play dual roles in both VEGFR2-associated angiogenesis and EMT-led metastasis, resulting in the aggressive tumor growth.

Finally, targeting NRP1 activity with a 7-mer peptide, A7R, inhibited the tMUC1^hi^ tumor growth of both mouse and human origin but had little effect on tMUC1-low cells (data not shown). A7R competes with VEGF~165~ for binding to NRP1 without affecting its binding to VEGFR2.^[@R22]^ As a result, it partially prevented VEGFR2 activation *in vivo* ([Figure 6C](#F6){ref-type="fig"}), decreased NRP1 protein level and in turn led to retardation of tumor growth ([Figure 6A and 6B](#F6){ref-type="fig"}). Furthermore, we observed high expression of these pro-angiogenic factors including NRP1, VEGF, and CD31 in spontaneous mouse PDA tumors as well as in the primary human PDA tissues signifying the clinical relevance of this study. It may thus be promising to target NRP1 along with other standard therapies for treatment of tMUC1^hi^ PDA. As recently discovered, NRP1 and NRP2 actually have much broader activities. They bind TGFβ1 and its receptors, HGF/cMet, PDGF and its receptors, fibroblast growth factors, and integrins. They also promote Hedgehog signaling. These ligands and pathways are all relevant to angiogenesis and wound healing. In the immune system, the NRPs are expressed primarily on dendritic cells and regulatory T cells, and exert mainly inhibitory effects. They promote EMT, and the survival and self-renewal of cancer stem cells.^[@R41]--[@R43]^ These important functions of NRP1 are extremely relevant to this study since tMUC1 is expressed on pancreatic cancer stem cells^[@R44]^ and is associated with PDGF signaling, EMT and drug resistance^[@R25],\ [@R26],\ [@R38]^ in pancreatic cancer. Further, tumors with high tMUC1 shows higher prevalence of T regulatory cells and myeloid derived suppressor cell population in the tumor draining lymph nodes and tumor infiltrating lymphocytes.^[@R45]^ Thus, the precise mechanism for tumor inhibition by A7R will need to be further demonstrated.

In conclusion, despite the complex role of NRP1 in endothelial and tumor cells, and in tumor progression, NRP1 may be an excellent target for treating tMUC1^hi^ PDA. Our current study lays the ground for combinational therapy of NRP1 antagonist with standard of care drugs. We recognize that previous trials with drugs targeting angiogenesis have produced serious side effects, including hypertension, thrombotic events, and allergic reactions. Several phase I studies of the human monoclonal anti-NRP1 antibody MNRP1685A in patients with solid tumors have shown its inhibition of VEGF pathway, either alone or in combination with VEGF blockade.^[@R46]--[@R48]^ It is well accepted that drug delivery into the pancreas is difficult, as PDA is highly desmoplastic with dense stroma. Thus, compared to the anti-NRP1 antibody therapy, a small peptide antagonist against NRP1 is probably more effective to get into tumor. In the next study we propose targeted drug delivery by conjugating NRP1 inhibitors to a tMUC1-specific antibody and combine this with other standard chemotherapy, which might be highly efficacious for treatment of tMUC1^hi^ PDA.

Materials and Methods {#S11}
=====================

Spontaneous mouse models and tissue culture {#S12}
-------------------------------------------

KC mice were generated in our laboratory on C57BL/6 background by mating the P48-Cre with the LSL-KRAS (G12D) mice.^[@R49]^ They were further mated with the Muc1 knockout mice to generate KCKO mice.^[@R50]^ The respective KC and KCKO cell lines were generated and maintained as described previously.^[@R27]^ The animal study protocol was approved by the Institutional Animal Care and Use Committee of the University of North Carolina atCharlotte. Animal care and use were in compliance with institutional guidelines.

Cell culture {#S13}
------------

Selected human pancreatic cancer cell lines (CFPAC, HPAFII, HPAC, Capan1, Capan2, Panc1, HS766T, and Miapaca2) were obtained from American Type Culture Collection and cultured as instructed. BxPC3.Neo and BxPC3.MUC1 were generated as described previously,^[@R25]^ Panc02.Neo and Panc02.MUC1 cells were originally gifted by Dr. Hollingsworth (University of Nebraska), and maintained in medium with Geneticin (G418; Invitrogen; Carlsbad, CA, USA). Murine endothelial 2H11 cell line was kindly provided by Dr. Didier Dreau (Department of Biological Sciences, University of North Carolina-Charlotte).

NRP1 antagonist A7R {#S14}
-------------------

The A7R peptide (ATWLPPR) was synthesized by Selleck Chemicals (Houston TX, USA) and also by Shengnuo Peptide USA (Menlo Park, CA, USA). A7R was dissolved in PBS and sterilized by filtration.

Small interfering RNA transfection {#S15}
----------------------------------

HPAC, CFPAC, and HPAFII cells were plated at 300 000 cells/well in six-well plates and grown to 50% confluence. Cells were transfected with human MUC1-specific siRNA (Dharmacon; Lafayette, CO, USA) or control siRNA (Cell Signaling Technologies; Danvers, MA, USA) in lipofectamine-2000 transfection reagent (Invitrogen), in accordance with the manufacturer\'s instructions. MUC1 and NRP1 protein levels were determined after transfection.

Flow cytometry {#S16}
--------------

Cells were stained for human MUC1 with TAB004 (OncoTab Inc., Charlotte, NC^[@R44]^) conjugated with Cy5.5 (Abcam; Cambridge, MA, USA), and for mouse NRP1 with CD304-APC (Biolegend; San Diego, CA, USA). For mouse Muc1, cells were fixed in 4% paraformaldehyde (Sigma-Aldrich; St. Louis, MO, USA) and permeabilized with Triton-X 100 (Fisher Scientific; Waltham, MA, USA), stained with CT2 antibody (kind gift from Dr. Gendler at Mayo Clinic Arizona^[@R51]^), followed by PE-conjugated anti-Armenian hamster antibody (BD Biosciences; San Jose, CA, USA). Data was acquired on BD LSRFortessa flow cytometer (BD Biosciences), and analyzed with FlowJo software (version 8.8.7).

ELISA {#S17}
-----

KC and KCKO cells were plated overnight, followed by serum-starvation for 24hr. Cell conditioned medium (culture supernatant) was collected and frozen at -80°C. For A7R treatment, various concentrations of A7R were added into serum-free medium for 24hr. The VEGF concentration was determined by ELISA (R&D Systems; Minneapolis, MN, USA).

MTT assay {#S18}
---------

KC cells were plated as triplicate overnight, and treated with various concentrations of A7R in serum-free medium for 24hr. The cell viability was determined by Vybrant® MTT Cell Proliferation Assay Kit (Life Technologies, Grand Island, NY, USA).

Tube formation assay {#S19}
--------------------

A 96-well tissue culture plate was coated with 50µl/well of growth factor-reduced matrigel (BD Biosciences), which was allowed to solidify at 37°C for 30 min. 2H11 mouse endothelial cells (4×10^4^ cells/50µl/well) was added to the matrigel in the presence of different treatments and incubated at 37°C for varying times. Cells were photographed using a phase contrast microscope (Nikon USA, Garden City, NY, USA). Tube formation was quantified by counting the average number of branching points in four randomly selected fields, using 40× magnification.

Western blot {#S20}
------------

Western blot was performed as previously described.^[@R25]^ CT2 and TAB004 antibodies were used. NRP1 antibody was purchased from Abcam and β-actin antibody from Santa Cruz Biotechnology (Dallas, Texas, USA). Other antibodies were purchased from Cell Signaling Technologies. The density of signal was quantitated by ImageJ (version 1.49o) and summarized as [supplementary data](#SD1){ref-type="supplementary-material"}.

Immunohistochemistry staining (IHC) {#S21}
-----------------------------------

Tissues were fixed in 10% neutral-buffered formalin. Paraffin-embedded blocks were prepared by the Histology Core at the Carolina Medical Center, and 4-micron thick sections were cut for staining. IHC was performed as described previously.^[@R25]^ Representative images were taken at 100× or 200× magnification and quantitated by CaresBio Laboratory (Shelton, CT, USA). Antibodies for NRP1 and CD31 were from Abcam, and antibodies for VEGF and PCNA were from Santa Cruz. HRP-conjugated TAB 004 was used for tMUC1 staining at 1:750 dilution. The normal and malignant patient pancreas tissues were kindly provided by National Cancer Institute. The tissue microarray (TMA) slides were purchased from US Biomax (Rockville, MD, USA). The staining procedure for NRP1 was adapted from literature published previously.^[@R52]^ The TMA slides were deparaffinized in xylene, rehydrated in a series of ethanol (100%, 95%, and 70%) followed by tap water, PBS, and then subjected to antigen retrieval in 99°C water bath for 40min. The activity of endogenous peroxidases was blocked by 2% hydrogen peroxide for 15min. The slides were washed twice in PBS, followed by PBS containing 0.05% Triton X-100, for 5min each wash. The slides were blocked with 5% normal goat serum for 1hr at room temperature, and then incubated with diluted NRP1 antibody (1:200) overnight at 4°C. The tissues were washed twice in PBS and incubated with secondary goat anti-rabbit antibody (1:100). The signal was enhanced by one-step incubation with Vectastain Elite ABC reagent (Vector Laboratories, Burlingame, CA, USA) for 30 min at room temperature. The substrate DAB was added for 5min, followed by counterstaining with Mayer's hematoxylin solution. The TMA tissues were then dehydrated in a series of ethanol, immersed into xylene, and mounted using Permount (Fisher Scientific).

Zebrafish/Tumor xenograft model {#S22}
-------------------------------

The transplantation of tumor cells into zebrafish embryos is described in details by Moshal et al.^[@R53]^ In brief, tumor cells were stained with chloromethylbenzamido-DiI (CM-DiI showing red fluorescence, Invitrogen), and injected at the superficial location of the yolk near to the perivitelline space of the 2-day old zebrafish embryos. Six days later, the metastatic spread of the CM-Dil-labeled tumor cells from the site of injection represented metastasis. Imaging was performed using an Olympus MVX10 MacroView Fluorescence Microscope (Olympus, Center Valley, PA) with Hamamatsu C9300-221 high-speed digital CCD camera (Hamamatsu City, Japan).

The tumor-induced angiogenic response was evaluated on the new vasculature sprouting from the developing subintestinal vessels by using whole-mount alkaline phosphatase staining. One day after transplantation, the zebrafish embryos were fixed in 4% paraformaldehyde and stained for endogenous alkaline phosphatase activity using nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Roche Applied Science, Indianapolis, IN). Images were taken by using Nikon SMZ1500 fluorescent stereomicroscope with digital color camera DXM1200c (Nikon Instruments, Lewisville, TX, USA). The number and length of the newly formed ectopic blood vessels were quantitated by using NIS-Element AR software (Nikon Instruments) for analysis. N=100 embryos/each group.

Where appropriate, A7R at 1mM was mixed with tumor cell suspension right before cell injection. PTK787 (Santa Cruz Biotechnology) at 0.1µM was added into the embryo culture medium right after tumor cell injection. N=33 embryos/each group.

In vivo tumor growth {#S23}
--------------------

Eight to ten weeks old C57BL/6 mice were subcutaneously (s.c.) injected with KC cells at 4×10^6^cells/mouse (in 100µl PBS) into the flank. Nude mice (J:NU) were s.c. injected with BxPC3.MUC1 cells at 4×10^6^cells/mouse (in 100µl PBS) into the flank. When tumor reached approximately 30--60mm^3^, the mice were treated s.c. with A7R at 100mg/kg (for KC tumor) or 20mg/kg (for BxPC3.MUC1 tumor) in 100µl PBS, close to tumor, three times a week. Caliper measurements were taken by investigator and tumor weight was calculated according to the formula: weight (mg) = \[length in mm × (width in mm)^2^\]/2\].^[@R27]^ Upon sacrifice, the tumors were weighed, prepared for tissue lysates and fixed for IHC. Mice were from Jackson Laboratory, Maine, USA, and randomly assigned as 7 mice/group.

Statistical analysis {#S24}
--------------------

Data were analyzed with GraphPad Prism 6 software. Results were expressed as mean±SD where indicated, and were representative of two or more independent experiments. Significance was determined by unpaired student *t*-test or two-way ANOVA (\*, p\< 0.05, \*\*, p\< 0.01, \*\*\*, p\< 0.001). A nonparametric Spearman correlation (SAS program) was used to determine the association between MUC1 and NRP1 in patient samples.
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PDA

:   pancreatic ductal adenocarcinoma

tMUC1

:   tumor associated MUC1

NRP1

:   neuropilin-1

EMT

:   epithelial to mesenchymal transition

IHC

:   immunohistochemistry

PCNA

:   proliferating cell nuclear antigen

siRNA

:   small interfering RNA

Erk

:   extracellular signal-regulated kinase.

![In PDA, tMUC1/Muc1 may regulate NRP1 protein expression\
**(A)** Immunohistochemistry staining in human pancreas tissues. The top panels show representative images, and the bottom panels show the intensity quantitation for protein expression. **(B)** Western blot of total cell lysates from a panel of human pancreatic cell lines. β-actin was included as control for equal loading of protein. **(C)** Gain of function. BxPC3 (human) and Panc02 (murine) PDA cell lines were stably transfected with full length human MUC1. Left panel, tMUC1 expression in BxPC3 cells analyzed by flow cytometry. Cells were left unstained or stained with tMUC1-specific TAB004 antibody. Right panel, tMUC1 and NRP1 expression analyzed by Western blot. TR, tandem repeat; CT, cytoplasmic tail. **(D)** Loss of function. Western blot of cell lysates from tMUC1^hi^ cells treated with control siRNA (Ctl), MUC1-specific siRNA (MUC1), or left untreated (UN) for 48hr (in HPAFII) or 72hr (in HPAC and CFPAC). **(E)** The quantitation of repeated experiments for (D) with ImageJ software. \*p\<0.05; \*\*p\<0.01.](nihms742083f1){#F1}

![Muc1-expressing spontaneous mouse PDA cells have increased NRP1 expression and VEGF production\
**(A)** KC cells were positive for Muc1 and expressed higher NRP1 than KCKO cells by flow cytometry analysis. **(B)** The expression of Muc1, NRP1, and VEGFR2 were assessed in cell lysates by Western Blot. **(C)** KC cells produced more VEGF determined by ELISA. \*\*\*p\<0.001. **(D)** NRP1 antagonist A7R suppressed VEGF production in KC cells. \*p\<0.05; \*\*p\<0.01. **(E)** No significant effect of A7R on KC cell viability determined by MTT assay.](nihms742083f2){#F2}

![KC cell-conditioned medium induces stronger tube formations in 2H11 endothelial cells which can be reversed by blocking VEGF signaling\
**(A)** 2H11 cells expressed NRP1 and VEGFR2, determined by flow cytometry (left panel) and Western blot (right panel). **(B)** KC (Muc1^hi^) cell conditioned medium induced more capillary-like structure in 2H11 cells. **(C)** Quantitation of tube formation in **(B)** with ImageJ. \*p\<0.05. **(D)** Reversal of tube formation by NRP1 blockade and VEGF neutralization. KC cell-conditioned medium was pre-incubated with 500µM of A7R and/or 2µg/ml of anti-VEGF antibody for 2hr before adding to 2H11 cells on Matrigel. **(E)** Quantitation of tube formation in **(D)**.](nihms742083f3){#F3}

![NRP1 is essential in promoting ectopic blood vessel formation and enhancing tumor cell metastasis in a zebrafish embryo xenograft model\
**(A)** Representative images of zebrafish embryo with formation of new ectopic blood vessels, as pointed with white arrows. **(B)** Quantitative measurement of number and length of ectopic vessels formed in the embryo. \*\*\*p\<0.001 between BxPC3.Neo group and BxPC3.MUC1 group. **(C)** Representative images of zebrafish embryo with metastatic lesions. The metastatic spread of tumor cells from the site of injection was pointed with white arrows. **(D)** The percentage of metastasis in the embryo. \*\*p\<0.01 between BxPC3.Neo group and BxPC3.MUC1 group. (E) Suppression of ectopic vessel formation (length and number) and metastatic spread in embryo by VEGFR or NRP1 antagonists. Statistics was performed between control and treatment groups.](nihms742083f4){#F4}

![tMUC1 enhances proteins associated with angiogenesis and EMT\
**(A)** Higher expression of angiogenesis-associated proteins in spontaneously developed KC tumor compared to KCKO tumor. **(B)** Higher VEGF signaling and EMT switch in Muc1-expressing KC tumor. KC and KCKO cells were subcutaneously injected into C57BL/6 mice. After twenty-six days, tumors were collected and lysates were analyzed by Western blot. Data from 3 mice out of 6--8 mice was shown.](nihms742083f5){#F5}

![NRP1 antagonist A7R retards tumor growth *in vivo*\
**(A)** Treatment with A7R attenuated KC tumor growth in C57BL/6 mice. \*p\<0.05. **(B)** A7R attenuated BxPC3.MUC1 tumor growth in nude mice. \*\*p\<0.01. **(C)** A7R treatment *in vivo* reduced NRP1 level as well as VEGFR2 phosphorylation at Tyr1175. Data from 3 mice out of 7 mice is shown.](nihms742083f6){#F6}

![Primary human PDA tumors express NRP1 and other angiogenesis-associated proteins\
**(A)** High expression of angiogenesis-associated proteins in primary human PDA tissue. The CD31^+^ vessels were pointed by black arrows. **(B)** Pancreas tissue microarray for NRP1 expression. Representative images of n=40 PDA cores were shown at 40× magnification. The pathologic/diagnostic information was provided in [supplementary Table1](#SD1){ref-type="supplementary-material"}. **C)** MUC1 and NRP1 staining in PDA tissues from the same patients: Images from cores 2, 9, and 16 were shown at higher magnification. Using 65 such cores, a nonparametric Spearman correlation of 0.70 was achieved which was highly significant (P \< 0.0001) and indicates a positive association between the two biomarkers ([Supplemental Figure 6](#SD1){ref-type="supplementary-material"}).](nihms742083f7){#F7}
